On the basis of first-principles calculations, we propose a superconductivity of carbon compounds with a sodalite structure, which is similar to a hydrogen compound with a very high superconducting transition temperature, Tc. Our systematic calculation shows that some of these carbon compounds have a Tc of up to about 100 K at a pressure of about 30 GPa, which is lower than that of superconducting hydrides (above 100 GPa). The obtained phonon dispersions appear to be similar to each other, and this suggests that the sodalite structure may be a key to generating phononmediated high-Tc superconductivity.
I. INTRODUCTION
Since the high temperature superconductivity(HTS) of metallic hydrogen was predicted at extremely high pressure, [1] [2] [3] much effort has been made to clarify its nature and/or to find new hydrogen compounds relevant to metallic hydrogen. [4, 5] In particular, works of first-principles calculations [6, 7] suggested that the transition temperature T c of the superconductivity of SH 3 is up to 200 K at a pressure of about 200 GPa. Furthermore, hydrogen compounds with a sodalite structure such as YH 6 and lanthanum decahydride (LaH 10 ) [8] [9] [10] [11] [12] [13] [14] are also predicted to have T c over 250 K. From these results, experiments [15] [16] [17] [18] [19] succeeded in finding these superconductors whose T c s were almost close to the result of first-principles calculations.
This HTS is generated by phonon-mediated attraction, and the mechanism underlying this superconductivity is considered to be conventional. In this case, the McMillan formulation [20] can be applied to these systems, and T c is described as
where ω log is a logarithmic average frequency, which indicates a characteristic phonon frequency of the system, λ is the electron-phonon coupling constant, and µ * is the Coulomb pseudopotential, which is usually treated as a constant of about 0.1. [21] In this formulation, T c is determined by two parameters, ω log and λ. Therefore, both parameters should be large to achieve HTS. For example, it is found that ω log 1100 K and λ 2.1 for SH 3 . [7] These calculated values are fairly larger than those of MgB 2 ( ω log ∼ 700 K and λ ∼ 0.7) [22] , which is a phonon-mediated high-T c superconductor with T c 39 K. [23] In hydrogen compound superconductors, high pressure may stabilize these characteristic structures, leading to a high phonon frequency. In fact, these materials are only stable within a limited pressure range, and the phonon frequency decreases with increasing pressure. [8] [9] [10] [11] [12] [13] In experiments, it is not easy to generate high pressure over a few hundred GPa, and the HTS of hydrogen compounds can only be achieved with devices using diamond anvil cells. This situation prevents further development of ex-perimental research and application as electronic devices in the future. It is desirable to reduce the required pressure to realize HTS of these compounds. Thus, we would propose a way to use carbon atoms instead of hydrogen atoms in the sodalite structure.
In fact, materials constructed with carbon atoms such as diamond are stable at atmospheric pressure and have high phonon frequency up to 2000 K. Boron-doped diamond has been studied as a candidate of phononmediated HTS. [24] [25] [26] Moreover, intercalated graphite and alkali-doped C 60 compounds are known carbonate superconductors with high T c up to ∼ 33 K. [27, 28] Since many hydrogen compounds with a sodalite structure have a large λ, [8] [9] [10] [11] [12] [13] it may be expected that carbonate with the same structure also has a large λ. If its compound has a high phonon frequency, HTS can be expected. The existence of the sodalite structure with only carbon atoms is already known by a work of the density functional theory. [29] By combining carbon with other elements, we expect a high ω ph and a large λ as well as hydrogen compound superconductor.
In this work, we examine the superconductivity of carbon compounds with a sodalite structure by firstprinciples calculations. We calculate the energy band and the phonon dispersion of the systems. On Basis of the McMillan formulation, we estimate the T c of several compounds that are expected to show HTS. We also discuss the relationship between carbon and hydrogen compound systems by comparing these electronic and phonon states.
II. MODEL AND METHOD
We consider compounds with the sodalite structure, which is shown in Fig.1 . We denote the compound as XC 6 , where X stands for an atom bonded to carbon atoms that form the skeleton of the sodalite structure. Calculations are performed using Quantum ESPRESSO, which is an integrated software of Open-Source computer codes for electronic-structure calculations. [30] In our calculation, we mainly use a 24 × 24 × 24 Monkhorst-Pack grid for the electronic Brillouin Zone integration and a 4 × 4 × 4 mesh for phonon calculation.
The transition temperature T c is usually calculated by substituting the values of λ and ω log into Eq.(1). However, the calculatedt T c is underestimated when λ > ∼ 1. [31] Since the typical value of λ in the XC 6 system is up to about 3.0, we need to use a modified formulation that better reproduces the experimental T c . For simplicity, we adopt the Allen and Dynes formulation for T c [31] ,
where
Here, ω 2 = 1 λ ∞ 0 Ωα 2 F (Ω)dΩ and α 2 F (Ω) stands for the electron-phonon spectral function. [31] The parameters f 1 and f 2 give simple corrections for the result of the McMillan equation Eq.(1) and improve the value of T c in the case of large λ. Our calculation indicates that λ = 2.30, ω log = 1232 K, f 1 = 1.16, f 2 = 1.07, and then T c = 240 K for YH 6 at 165 GPa, where we set µ * = 0.1. At 237 GPa, we obtain λ = 1.81, ω log = 1447 K, f 1 = 1.12, f 2 = 1.05, and T c = 228 K. These values are close to the experimental results of T c =224 K at 165 GPa, [18] and T c =227 K at 237 GPa. [19] From the theoretical viewpoint, it seems better to solve the Eliashberg equations numerically using the function α 2 F (Ω). However, T c calculated by the Eliashberg equations is over lar 270 K for P > ∼ 150 GPa [13] , which is too high compared to the experimental one. [18, 19] For the superconductivity of LaH 10 , the result of the Eliashberg equations also yields too high T c . [14, 32] Although the eq.(2) is phenomenological, we use it as a practical method that gives a proper estimation for the experimental T c .
III. RESULT
A. Pure carbon system C6 First, we consider a pure carbon system with the sodalite structure, C 6 . It forms the skeleton of this superconductor and may be a basis for understanding the superconductivity of carbon compounds XC 6 . In Fig.2(a) , we show the band structure of electrons at P = 0 GPa. It indicates that C 6 is an insulator with a charge gap of about 2.5 eV, which agrees with the result of the previous work. [29] The band structure of C 6 seems to be similar to that of H 6 [8] except for the position of the Fermi surface. This is because both systems have the same atomic configuration. Figure 2 (b) shows that the phonon dispersion becomes positive at any point in the Brilliouan zone and the system is stable against the phonon excitation at P = 0 GPa. It indicates that the system becomes dynamicallystable [5] and may be metastable at zero kelvin. We have also confirmed that the system withstands pressures at least up to 200 GPa.
The atomic density of C 6 is 1.43 × 10 23 cm −3 at P = 0 GPa, and smaller than that of diamond(1.76×10 23 cm −3 ), because the sodalite structure has a large void to accommodate an atom X inside the crystal, as shown Fig.1 . On the other hand, the nearest C-C bond length is 1.55 Aand close to that of diamond (1.54Å) at P = 0 GPa. We expect that C 6 is stable like diamond or C 60 at atmospheric pressure [29] , whereas the pure hydrogen sodalite structure is unstable. In this work, we treat only systems confirmed to be dynamically-stable by our calculation. In Fig.2(c) , we show the density of states(DOS) of phonon for C 6 with that of diamond. The peak of the phonon spectral is about 1200 [cm −1 ]( 1700 K) for diamond, and that of C 6 seems to widely spread around 1000 [cm −1 ]( 1400 K). Although the characteristic frequency of C 6 is slightly lower than that of diamond, it may meet the requirements for HTS. 
B. Carbon compounds XC6
Next, we consider the compounds, XC 6 which combine carbon and an X atom. Mainly, we present the results of the compounds NaC 6 , ClC 6 , and HC 6 as typical cases, and the result of YH 6 is also shown for comparison. The optimum pressure at which the crystal structure stabilizes depends on the type of X atom. For example, NaC 6 is stable over about 30 GPa, and ClC 6 is stable at pres- sures below only a few GPa, where the size of a is 4.43 Afor the former and 4.62Åfor the latter.
In Figs. 3, we show band structures of NaC 6 at 30 GPa, ClC 6 at 0 GPa, HC 6 at 0 GPa, and YH 6 at 170 GPa. When the compound becomes metal, the combined X atom can be regarded as a dopant that brings carriers into C 6 , where NaC 6 corresponds to electron doping, and ClC 6 and HC 6 correspond to hole doping. On the other hand, the band structure of YH 6 does not have a clear gap structure, and the energy band seems to be continuous around E F , as shown in Fig.3(d) . The overall behaviors of bands of NaC 6 and HC 6 are similar to that of C 6 , and it suggests that its band is rigid for doping. On the other hand, the band of ClC 6 near E F is complex, and seems to have a mix of a carbon band and other bands. Figure 4 shows DOS of electrons for NaC 6 , ClC 6 , HC 6 , and YH 6 , which are displayed separately for each element component. They indicate that the contribution of Na to DOS at E F is almost zero, while that of Cl is large. For NaC 6 , the rigid band concept stands, that is, the role of the Na atom is understood to give a carrier into the system of C 6 . On the other hand, Cl seems to play an important role in the electronic state and superconductivity. In Fig.6 , we show the function α 2 F (ω)/ω, where its integral with respect to ω corresponds to the value of λ. It indicates that the contribution to λ comes almost entirely from C 6 for the case of NaC 6 , while that from Cl is large for ClC 6 .
In Fig.7 , we show T c as a function of pressure P for the family of superconductors of XC 6 obtained by our calculations. It shows that many compounds become a candidate for the superconductor with a relatively high T c . In particular, the T c values of NaC 6 and AlC 6 are over 100 K at relatively low pressure, and ClC 6 shows superconductivity with T c ∼ 40 K at 0 GPa. Furthermore, HC 6 , BC 6 , and SC 6 also indicate superconductivity(14 K < ∼ T c < ∼ 30 K) at 0 GPa. These results remind us of the superconductivity of C 60 or intercalated graphene, where T c reaches up to about 30 K.
Figure8(a) shows the unit cubic volume of carbon com-pounds, V (≡ a 3 ) [Å 3 ], as a function of P together with that of hydrogen compounds. It indicates that the V of HC 6 is almost equal to that of pure C 6 (a = 4.38Å) and those of all other carbon compounds are larger than that of C 6 . This indicates that the atom in the void of C 6 expands the unit cell of compounds. Only the hydrogen atom is too small to affect the sodalite structure of C 6 in compounds. However, the volume change due to pressure does not depend much on the type of X atom.
To consider it more quantitatively, we calculate the bulk modulus, K(≡ −V ∂P ∂V ) for some compounds. The obtained values are about K = 350 GPa at P = 0 GPa for HC 6 and BC 6 , and about K = 500 GPa at P = 50 GPa for BC 6 and AlC 6 , where that is about K = 560 GPa for YH 6 at P = 170 GPa. It is interesting to compare these results with that of diamond (K ∼ 540 GPa at P = 0 GPa). The result suggests that these compounds are fairly hard like diamond. increases monotonically with P , and the result can be intuitively understood. Here, we use the so-called jellium model to consider the P dependence of ω log . We assume that the frequency of the plasma oscillation of ions, ω ion = 4πn ion (Ze) 2 /M ion [33] is roughly proportional to ω log , where n ion is the number density of ions, Ze is the charge of ions, and M ion is the mass of ions. This suggests that ω log increases monotonically with increasing P , as shown in Fig.8(b) . If we use n ion = 1.43 × 10 24 cm 3 and Z = 1, we obtain ω ion ∼ 1100K, which is close to ω log of HC 6 . Since the hydrogen atom is light, it may have little effect on the vibration mode of carbon atoms with the sodalite structure in the compound. In fact, the phonon dispersion of HC 6 as shown in Fig.5 (c) seems to be almost similar to that of C 6 , as shown in Fig.2(b) .
On the other hand, heavier atoms yield a large effect on the vibration of C 6 , as shown in Figs.5(a) and 5 (b), and then the values of ω log become small. In Fig.8(c) , we give λ as a function of pressure P . It indicates that λ decreases with increasing P . Roughly speaking, λ is given by λ ∼ I/ω 2 log , where I is a coupling constant between electron and phonon. [33, 34] . Using the relation I ∝ n 1/3 for the jellium model, we find that the n-dependence of λ may be represented by n −2/3 . [35] It means that λ decreases with increasing P . As shown in Fig.7 , the P -dependence of T c is weak for all XC 6 compounds. It can be interpreted that the P -dependences of ω log and λ are opposite, and the two effects on T c almost cancel each other.
IV. SUMMARY AND DISCUSSION
We proposed the high-T c superconductivity on carbon compounds XC 6 with the sodalite structure. The energy band, phonon dispersion, and T c are systematically determined for several compounds up to 200 GPa by firstprinciples calculations. The results suggest that NaC 6 and AlC 6 are phonon-mediated high-T c superconductors up to T c ∼ 100 K at P > ∼ 30 GPa. Whereas the hydrogen compounds XH 6 showing HTS require extremely high pressure, the carbon compounds are stable at relatively low pressures, some even at 0 GPa. The similarity of phonon dispersions between carbon and hydrogen compounds suggests that the sodalite structure may be a key to producing the phonon mediated HTS. We also discuss the P -dependences of ω log and λ by the jellium model. It explains the P -dependence of T c qualitatively.
By analogy with hydrogen compounds with a structure such as LaH 10 , carbon compounds with the same structure are also expected to lead to HTS. Unfortunately, we cannot find out stable compounds XC 10 at 0 GPa in our preliminary calculation. To obtain the final result, more detailed examinations including the case of finite pressure, are required. We would study it in the future.
